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ABSTRACT 15 
Most interesting antifungal compounds from sourdough fermentation are acetic acid (AA) and DL-3-16 
phenyllactic acid (PLA). Although the role of pH on the activity of organic acids has been established long 17 
time ago, no information is available on the importance of undissociated acid (HA) expressed on the 18 
aqueous phase of bread (CHA, mmole/L). Mostly, concentrations (mmole/kg dough or bread, CTOT) and pH 19 
are given side by side. The aim of this study was to show the importance of CHA for adequate comparison 20 
of in-vitro growth data with bread shelf-life. Growth of Penicillium paneum and Aspergillus niger was 21 
recorded using a micro-dilution assay with optical density measurements. Parameters such as aw (0.94-22 
0.98), pH (4.6-6.0), temperature (10-30°C), time (0-8 days) and CTOT (0-300 mM) were varied. Growth/no-23 
growth models were developed and shelf-life tests of par-baked breads of 45 days at 20°C were 24 
conducted. The modelled inhibitory concentrations of undissociated acid were comparable with the 25 
shelf-life test of bread: (PLA) 50 versus 39-84 mmole/L; (AA) 110 versus 110-169 mmole/L. This study 26 
showed the applicability of G/NG models for bread shelf-life prediction and highlighted the importance 27 
of CHA.  Moreover, it was found that naturally present PLA in sourdough bread is insufficient to increase 28 
bread shelf-life. 29 
Keywords: phenyllactic acid; acetic acid; modelling; bread spoilage; preservation 30 
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1. Introduction 31 
Bakery products such as par-baked breads or toast breads, which are intended to be stored for several 32 
weeks, are prone to microbiological spoilage without the use of chemical preservatives or adequate 33 
storage conditions (Debonne et al., 2018c). More specifically, mould spoilage due to growth of species of 34 
Penicillium spp. and Aspergillus spp. is a serious problem (Legan, 1993), e.g. Penicillium paneum, 35 
Penicillium polonicum, Penicillium roqueforti, Penicillium commune, Aspergillus niger, Aspergillus flavus 36 
and A Aspergillus sydowii (Legan, 1993; Santos et al., 2016; Suhr & Nielsen, 2005). Biopreservation, i.e. 37 
the use of microorganisms for a natural preservation of food, is an interesting strategy to replace 38 
chemical preservatives, such as propionic acid in bread (Debonne et al., 2018c; Stiles, 1996). An example 39 
of biopreservation of bread products is the use of lactic acid bacteria (LAB) through sourdough addition 40 
that naturally produce antimicrobial compounds (Lavermicocca et al., 2003; Schnürer & Magnusson, 41 
2005; Ström et al., 2002). Moreover, the use of most food-associated LAB has acquired the GRAS-status 42 
(Generally Recognized As Safe) and is therefore a promising antifungal strategy (Stiles, 1996; Wessels et 43 
al., 2004). The antifungal activity of LAB has been reported to mainly result from the production of 44 
organic acids, such as acetic acid, lactic acid and phenyllactic acid (PLA) and/or cyclic dipeptides (Dalié et 45 
al., 2010; Lavermicocca et al., 2003; Schnürer & Magnusson, 2005; Valerio, Lavermicocca et al., 2004). 46 
Most promising are acetic acid and PLA (Gerez et al., 2009; Quattrini et al., 2019). Many authors have 47 
already described the antifungal effect of acetic acid in bread or against bread moulds (Dagnas et al., 48 
2015; Gerez et al., 2010; Le Lay et al., 2016; Quattrini et al., 2019). On the contrary, few report on the 49 
antifungal effect of PLA in bread (Gerez et al., 2010; Gerez et al., 2009; Quattrini et al., 2019), although 50 
the number of studies that describe ways to increase the production of PLA in sourdough is increasing 51 
(Prema et al., 2010; Valerio et al., 2004; Vermeulen et al., 2006). Till today,  the contribution of PLA to 52 
the inhibition of fungal growth on bread remains unclear (Quattrini et al., 2019). Various species of LAB 53 
show antifungal properties: Lactobacillus casei, Lactobacillus coryniformis, Lactobacillus paracasei, 54 
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Lactobacillus rhamnosus, Lactobacillus plantarum, Pediococcus pentosaceus, Pediococcus acidilactici and 55 
Lactococcus lactis (Dalié et al., 2010; De Muynck et al., 2004; Lavermicocca et al., 2003; Schnürer & 56 
Magnusson, 2005). More specifically, the following LAB have the capacity to produce DL-3-phenyllactic 57 
acid (PLA): Leuconostoc mesenteroides, Lactobacillus plantarum, Lactobacillus rhamnosus, Lactobacillus 58 
sanfranciscensis, Lactobacillus acidophilus, Lactobacillus alimentarius, Lactobacillus amylovorus, 59 
Lactobacillus casei, Lactobacillus lactis, Lactobacillus paracasei, Lactobacillus reuteri and Pediococcus 60 
acidilactici (Gerez et al., 2009; Lavermicocca et al., 2000; Lavermicocca et al., 2003; Prema et al., 2010; 61 
Valerio et al., 2004). The in-vitro minimal inhibitory concentration (MIC, CTOT) of PLA towards bread 62 
moulds varies from 3 - 70 mM (Cortés-Zavaleta et al., 2014; Lavermicocca et al., 2003; Prema et al., 63 
2010) to 300 mM (Lavermicocca et al., 2000) and is dependent on the mould species and the 64 
environmental pH. Similar to the activity of other weak organic acids, the antifungal activity of PLA is pH-65 
dependent. The pKa of PLA is 3.46 and for acetic acid 4.75 (Gerez et al., 2009). Both acids become more 66 
antifungal active at low pH, because there is more undissociated acid present that can migrate through 67 
the cytoplasmic membrane. Due to the acidification effect inside the cell growth of fungi is prevented 68 
(Lambert & Stratford, 1999). Moreover, these acids are only antifungal in the aqueous phase of the 69 
medium and this must also be considered when expressing antifungal concentrations (Šoljić et al., 2018). 70 
The aim of this study was to develop predictive in-vitro growth/no-growth (G/NG) models for acetic acid 71 
and PLA, based on the method described in earlier work of Debonne et al. (2019), and to validate these 72 
results in par-baked bread. Moreover, the authors believe that the role of CHA and the aqueous phase of 73 
the medium must be emphasized in order to compare results of different screenings. Previously, Dang et 74 
al. (2011) have already highlighted the importance of expressing antimicrobial concentrations on the 75 
water content of media, to assure reliable in-vitro predictions which can facilitate the application of 76 
models in food products. 77 
2. Materials & methods 78 
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2.1. Fungal isolates 79 
Penicillium paneum Frisvad (IHEM 6652) and Aspergillus niger (P1118) were kept active on malt extract 80 
agar (MEA) (Oxoid). These two moulds are maintained in the culture collection of the Laboratory of 81 
Applied Mycology MYCOLAB, Department of Food Technology, Safety and Health, Ghent University 82 
(Ghent, Belgium). The methodology for inoculum preparation is identical as described in Debonne et al. 83 
(2018b). One week prior to use, fungal spores were transferred to fresh MEA plates (3x) and incubated 84 
for 7 days at 26°C. Sterile Tween 80 (polyoxyethyleensorbitan mono oleaat, Merck) - water solution (1 g 85 
Tween 80 per liter distilled water) (5 mL) was added to a full-grown petridish. All the fungal material was 86 
scraped loose from the petridish. The Tween-solution was filtered in a sterile falcon tube using a sterile 87 
cotton filter (3x). The filter was removed and the falcon tube was centrifuged for 15 min at 8000 rpm 88 
(Relative centrifugal force (RCF) of 6654) and 4°C. After removal of the supernatant, the pellet was 89 
resuspended in 25 ml Tween-PBS (1 g Tween 80 and 10 tablets of PBS per liter of distilled water) 90 
(Phosphate buffered saline, Oxoid). The centrifugation step was repeated and the supernatant was 91 
removed. Furthermore, the pellet was resuspended in 25 ml of PBS and the latter centrifugation step 92 
was repeated a second time. The concentration of spores present was determined by a microscopic 93 
evaluation using a Thoma cell counting chamber (7 – 8 log spores/mL).  94 
2.2. Media preparation 95 
The method for preparing the semi-solid yeast extract sucrose (YES) medium was based on Medina et al. 96 
(2012) and has recently been reported in Debonne et al. (2019). The YES medium was prepared with 20 97 
g/L yeast extract (Oxoid), 150 g/L sucrose and 0.5 g/L magnesium sulphate (UCB) (viscosity of the 98 
medium was 6.2 mPa.s at 22 °C). The pH of the water phase was adjusted with 0.1 M citric acid/citrate 99 
buffer [citric acid-1-hydrate, chem. pure (Lamers and Pleuger BV); tri-sodium citrate dehydrate (Merck)] 100 
(pH 4.6, 5.3, and 6.0); water activity (aw) was adjusted with glycerol bidistilled 99.5% (VWR chemicals) (aw 101 
0.94, 0.96 and 0.98). The medium was divided into test tubes with screw caps, containing 12 mg 102 
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technological agar (Agar Technological no. 3, Oxoid) and 10 mL YES medium. The medium was 103 
autoclaved for 15 min at 121°C. After cooling to 48°C, phenyllactic acid [DL-3-phenyllactic acid, Sigma-104 
Aldrich] or acetic acid [AA, glacial, ACS, 99.7+%, VWR] were added in the appropriate concentrations in 105 
test tubes (200 or 300 mmole/L YES medium). The pH and aw were always measured after autoclaving 106 
and cooling. The aw of the medium was checked with a LabMaster-aw (Novasina) and pH with a portable 107 
pH meter (model HI 83141, Hanna Instruments).  108 
2.3. Data generation for the model development 109 
2.3.1. Preparation of 96-well plates 110 
Control YES medium without acid was used to fill up the first column of a sterile 96-well plate [96-well 111 
polystyrene microplate, clear, flat bottom, 382 µL/w, Greiner bio-one bvba] (negative control). Further, 112 
YES medium in the remaining test tubes was inoculated with either P. paneum or A. niger to 3.3 x 104 113 
spores/mL. The wells in columns 2, 4, 5, 6, 7, 9, 10, 11 and 12 of the 96-well plate were filled with 150 µL 114 
of the inoculated YES medium without acid (column 2 served as positive control). The wells in columns 3 115 
and 8 were filled with 300 µL of respectively 200 and 300 mmole PLA or AA /L YES (CTOT). Further, 150 µL 116 
of the wells in column 3 (200 mmole/L YES) were pipetted and transferred to the next well (next 117 
column), homogenized and again 150 µL of this new well was pipetted and transferred to the next 118 
column. This resulted in serial dilutions (1:2) up till and including column 7, of which 150 µL of each well 119 
was discarded. In column 8 (300 mmole/L) a new dilution series was started. All 96-well plates contained 120 
4 replicates of 11 different acid concentrations (CTOT: 0, 12.5, 18.75, 25, 37.5, 50, 75, 100, 150, 200 and 121 
300 mmole/L YES). The remaining 4 rows were left empty and were not used for another experiment to 122 
reduce the chance of cross-contamination by using two different moulds in one single plate. Moreover, 123 
the acids were also not combined in one plate, to rule out potential volatile antifungal activity. The spore 124 
concentration in the inoculated wells was 5 x 10³ spores (per well or per 150 µL). The plate was covered 125 
with a Breath easy film (Sigma-Aldrich). During incubation, no shaking steps were acquired. Each 96-well 126 
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microplate was placed in a Multiskan Ascent 96/384 Plate Reader. Optical density (OD) was measured 127 
daily at 595 nm during 8 days. The plates were incubated at 10, 20 or 30°C. The YES medium gave a base 128 
OD signal of 0.12. To define growth, the difference was made between the OD of the wells and the base 129 
OD signal at the start of incubation. If this difference was higher than 0.1, this well was considered 130 
showing growth. This theory was based on Medina et al. (2012) and was validated in Debonne et al. 131 
(2019). The growth probability at each condition was computed by considering the number of 132 
observations with respect to the number of replicates tested, e.g. if 2 out of the 4 wells showed growth, 133 
the probability of growth was 50% (Vermeulen et al., 2012). In total, 108 different 96-well plates were 134 
prepared and measured (full factorial design for both moulds (2x) and acids (2x) with parameters: aw 135 
(0.94, 0.96, 0.98), pH (4.6, 5.3, 6.0) and T (10, 20, 30°C)). The pH values of the different YES media were 136 
measured during the incubation time. 137 
2.3.2. Undissociated acid concentrations 138 
Organic acids are considered weak acids when they do not fully dissociate in water, but in a pH-139 
dependent manner. The active concentration of the organic acid is defined as the concentration of 140 
undissociated acid in the water phase of the medium. This recalculation involved using data of the 141 
percentage of dissociation of the acid in function of the actual measured pH of the YES medium, which 142 
could be derived from the Henderson-Hasselbalch equation [1]. 143 
 =  + 	
(


) 
[Eq. 1] 144 
The pKa is equal to -log10(Ka) with Ka the acid dissociation constant. The pKa values of PLA and AA are 145 
respectively 3.46 and 4.75; [A-] is the molar concentration of the acid’s conjugated base and [HA] is the 146 
molar concentration of the undissociated acid. From this equation (Eq. 1), the percentage of dissociation 147 
Food Microbiology (Elsevier) 
7 
 
([H+]/[HA]) could be derived and used for determining the concentration of active undissociated acid 148 
(CHA) together with the total concentration of the acid (T) (Eq. 2). Moreover, the CHA was expressed as 149 
mmole undissociated acid/L aqueous phase of YES medium. The composition of the YES medium with 150 
various pH and aw – values differed, resulting in different percentages of the aqueous phase. The 151 
concentration of the aqueous phase was calculated and ranged from 71.6 (pH 6.0) to 72.0 % (pH 4.6) for 152 
aw 0.94, 78.1 to 78.5 % for aw 0.96 and 83.8 to 84.3 % for aw 0.98. These aqueous concentrations were 153 
used for calculating the correct concentrations of CHA (mmole/L aqueous phase of YES medium). 154 
 = 		(1 −
%	 !
100
) 
[Eq. 2] 155 
2.4. Development of growth/no-growth models 156 
The G/NG data were used to develop eight models, two per mould/acid combination: (a) P. paneum + 157 
PLA; (b) P. paneum + AA; (c) A. niger + PLA; (d) A. niger + AA. Per combination, one model was developed 158 
with CTOT (mmole/L YES medium),  measured pH, aw, T (°C) and incubation time (days) as explanatory 159 
variables (Eq. 3), and the other with CHA (mmole/L aqueous phase of YES medium), aw, T and incubation 160 
time as explanatory variables (Eq. 4). The values of CTOT, CHA and aw were normalized so all input variables 161 
ranged from 0 – 30 (CTOT and CHA /10 and aw * 10). Similar to Vermeulen et al. (2012), an ordinary logistic 162 
regression model was used to describe the data. The equation of the models consists of a polynomial 163 
(right-hand side) and logit(p) = log10(p/(1-p)) (left-hand side) with p the probability of growth. 164 
 165 
	 () = # + #
 ∗ %&% + #' ∗  + #( ∗ ) + #* ∗  + #+ ∗  ,- + #

 ∗ %&%
' + #++ ∗  ,-
' +166 
#
' ∗ %&% ∗  + #
( ∗ %&% ∗ ) + #
* ∗ %&% ∗  + #
+ ∗ %&% ∗  ,- + #'( ∗  ∗ ) + #'* ∗  ∗167 
 + #'+ ∗  ∗  ,- + #(* ∗ ) ∗  + #(+ ∗ ) ∗  ,- + #*+ ∗  ∗  ,-    168 
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                                      169 
[Eq. 3] 170 
	 () = # + #
 ∗  + #' ∗ ) + #( ∗  + #* ∗  ,- + #

 ∗ 
' + #** ∗  ,-
' + #
' ∗  ∗171 
) + #
( ∗  ∗  + #
* ∗  ∗  ,- + #'( ∗ ) ∗  + #'* ∗ ) ∗  ,- + #(* ∗  ∗  ,-  172 
            173 
 [Eq. 4] 174 
In these equations, bi (i = 0, …, 55) are the parameters to be estimated. The models were fitted in SPSS 175 
Statistics 25 (SPSS, Inc., Chicago, IL, USA) using linear logistic regression according to the procedure 176 
described in Vermeulen et al. (2007) which implies that the main effects were forced to stay in the final 177 
model equation irrespective of their p-value. The quadratic and interaction terms were selected by the 178 
backward stepwise procedure, based on the significance of the likelihood-ratio criterion (p = 0.001). 179 
Model building stopped when no more variables met entry or removal criteria. The predicted G/NG 180 
interfaces were plotted in Matlab 9.3 (The Mathworks, Inc., Natick, MA, USA). Goodness-of-fit statistics 181 
considered were: (1) Nagelkerke R²,  (2) receiver operating curve (ROC-curve) c-value statistics and (3) 182 
the degree of agreement (%) between observations and predictions (Debonne et al., 2019).  183 
2.5. Validation of antifungal activity on wheat bread 184 
2.5.1. Bread making procedure 185 
All experiments were performed using a single batch of commercial wheat flour (Epi B type 55) supplied 186 
by Brabomills NV (Merksem, Belgium). The flour had the following product specifications:  15 g 187 
water/100 g flour, 10.6 g protein/100 g dry matter, 1.2 g fat/100 g dry matter, 0.5 g ash/100 g dry 188 
matter. The production of bread dough was similar to the method described in Debonne et al. (2018a) 189 
and dough was prepared on a flour weight basis. For 100 g flour, 59.1 g water [water absorption was 190 
determined by a Farinograph (Farinograph-E, Brabender)], 1.5 g table salt, 1 g of instant dry baker’s yeast 191 
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(Algist Bruggeman, Belgium), 0.3 g malt flour and 5 mg ascorbic acid/ 100 g flour. The following breads 192 
were prepared: control bread (= without any preservatives), reference bread containing 1500 mg 193 
propionic acid/kg dough under the form of calcium propionate (CaP) (EU, 2011), and bread containing 194 
50, 100, 150 or 200 mmole acid (PLA or AA)/L aqueous phase in dough. The dough was mixed for 7 195 
minutes in a De Danieli spiral mixer (Verhoest Machinery). After a 10 min rise at 30 °C and 80 - 90% 196 
relative humidity (proofing cabinet Panimatic), dough was divided into 10 pieces of 65 g and rounded 197 
manually. The dough pieces were then placed back into the fermentation cabinet for 60 min. The breads 198 
were par-baked (PB) for 10 min (2 min at 170 °C (200 mL steam) and 8 min at 150 °C) (MIWE aeromat 199 
FB12 (oven type 4.64)).  200 
2.5.2. Bread quality parameters 201 
One hour after baking, five breads per test were characterized according to the following methods 202 
described: bread volume was measured by a Volscan Profiler 600 (Stable Micro Systems); breads were 203 
weighed using a KERN balance (± 0.01 g); specific volume was determined by dividing bread volume by 204 
bread weight (mL/g); aw and pH were measured with a LabMaster-aw (Novasina) and with a portable pH 205 
meter (model HI 83141, Hanna Instruments). Samples for aw and pH were taken from the bread crumb 206 
but are the same as for PB bread crust. In Debonne et al. (2018d), the effect of crumb and crust was 207 
investigated for PB breads baked and composed similar to the breads in this study and no significant 208 
difference was observed. Moreover, the moisture content of the crust of the PB breads was determined 209 
using the AACCI Method 44-15.02 whereby moisture content is determined as weight loss of a sample 210 
when heated under specified conditions. The crust layer was considered as the outer thin layer of the 211 
breads (± 1-2 mm thick) and was easy to remove from the PB breads. 212 
2.5.3. Shelf-life test of par-baked wheat bread 213 
After par-baking and cooling down to room temperature in the bakery environment, the breads were 214 
packed with a Tray Sealer (DECA Packaging Group, Herentals, Belgium) using a gas composition of 70% 215 
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CO2 and 30% N2. They were not artificially contaminated, but were exposed to a natural post-baking 216 
contamination. The breads were packed per two in a tray (632 mL) made out of PP/EVOH/PP (PP: 217 
polypropylene; EVOH: ethylene vinyl alcohol) and sealed with a cover film OPALEN HB 65 AF PP PL 218 
(OPA/PE/EVOH/PE/PP (OPA: orientated polyamide; PE: polyethylene ; EVOH: ethylene vinyl alcohol; PP: 219 
polypropylene)). The oxygen transmission rate of the film was 5 cm³ x m-² x day-1 and water vapor 220 
transmission rate was 12 g x m-² x day-1. The breads were stored at 20°C and the samples were checked 221 
daily during 45 days for the development of visible mould colonies (n = 8). Concentration of oxygen 222 
inside the package was recorded and ranged from 0 – 2.3% at the beginning to 4.3 - 6.8% at the end of 223 
the shelf-life. CO2 levels ranged from 61.0 – 66.6% at the beginning to 41.5 - 42.3% at the end 224 
(Checkmate 3, Dansensor, Denmark). 225 
2.6. Statistical analysis 226 
To assess significant differences among samples, a multiple comparison analysis of samples was 227 
performed using SPSS. In case the results were normally distributed, either a Tukey test 228 
(homoscedasticity) or Dunnett T3 test was used to describe the means with 95% confidence (p = 0.05). A 229 
Dunn test for multiple comparisons was applied, preceded by a non-parametric Kruskal-Wallis 1-one 230 
ANOVA, for non-normally distributed data.  231 
3. Results & Discussion 232 
3.1. Influence of organic acids on pH of the YES medium 233 
As to obtain a wide range of CHA values for adequate G/NG modelling, CTOT and initial pH of the YES 234 
medium were varied. At the start, YES medium with three different pH values was produced (4.6, 5.3 and 235 
6.0). This range was chosen to mimic pH of sourdough bread products (Debonne et al., 2018d; Katina et 236 
al., 2002). Both PLA and AA strongly affected the pH of the medium (Fig. 1A and 2A). The pH was 237 
measured during four consecutive days after production (3 measurements per day) and did not change 238 
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over time (data not shown). This resulted in a total of 12 replicates per CTOT. PLA had a stronger pH 239 
lowering effect compared to AA. This is caused by the lower pKa value of PLA (3.46) compared to AA 240 
(4.75) and the stronger buffering capacity of AA at the pH levels tested. At the highest concentration of 241 
the acids (CTOT 300 mM), the final pH of the medium was situated between 3.3 – 3.8 (PLA) and 3.9 – 4.3 242 
(AA). The mean values of the pH for the different concentrations of CTOT were further used for the 243 
calculation of CHA. 244 
3.2. Influence of pH on undissociated acid concentration 245 
Although the role of pH on antimicrobial activity of weak organic acids has already been widely reported 246 
(Alcano et al., 2016; Lambert & Stratford, 1999; Lavermicocca et al., 2003; Peláez et al., 2012), it is rarely 247 
used for the calculation of CHA. Up till now, only Gerez et al. (2009) expressed the concentration of PLA as 248 
undissociated acid (CHA, mmole undissociated acid/kg dough or bread). In our study, concentrations of 0 249 
– 300 mM (CTOT, mmole acid/L YES medium) were applied. Together with CTOT and the measured pH of 250 
the YES medium, CHA was calculated using the Henderson-Hasselbalch equation (Eq. 1 and 2). Moreover, 251 
the CHA was expressed in mmole undissociated acid per L aqueous phase of YES medium. This involved an 252 
additional calculation step whereby the aqueous fraction of the YES medium was taken into account. The 253 
range of CHA values of PLA and AA can be found in Fig. 1B and 2B 254 
3.3. Predictive growth/no-growth models 255 
Growth of the moulds P. paneum and A. niger was evaluated in vitro in YES medium using the micro-256 
dilution method. In total eight G/NG models were developed. Four 6-dimensional models with the 257 
following parameters: CTOT (mmole acid/L YES medium), pH, aw, temperature, time and growth 258 
probability, one for each mould/acid combination (Eq. 3). And four 5-dimensional models with CHA 259 
(mmole undissociated acid/ L aqueous phase of YES medium), aw, temperature, time and growth 260 
probability) (Eq. 4). The estimated parameters with their standard deviations on the models and the 261 
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goodness-of-fit statistics are summarized in Tables 1 and 2. It can be seen that the fitness of the G/NG 262 
predictions based on CTOT (Table 1) and CHA (Table 2) are very similar. Some cross-sections are selected 263 
showing the most interesting outcomes of the models.  264 
In Fig. 3, the effect of pH (4, 5 and 6) on the G/NG boundary of CTOT for PLA and AA towards P. paneum is 265 
shown (at fixed aw 0.96 and T = 20°C). The CTOT value for G/NG after 8 days at probability 50% is gradually 266 
increasing, from 80 mM PLA at pH 4, 140 mM at pH 5 and 165 mM at pH 6. For A. niger,  the G/NG 267 
boundaries (50%) of PLA were respectively 120 mM, > 300 mM and > 300 mM for pH 4, 5 and 6 at aw 268 
0.96 and 20°C (Table 3). For AA, this gradual increase as a function of pH was not observed for P. paneum 269 
(G/NG (50%): 45 mM at pH 4, 110 mM at pH 5 and 60 mM at pH 6) (Fig. 3). For A. niger, the G/NG 270 
boundaries (50%) of AA in YES medium with aw 0.96 and stored at 20°C were 0 mM, 25 mM and 45 mM 271 
for respectively pH 4, 5 and 6 (Table 3). The influence of temperature (10, 20 and 30°C) was also 272 
evaluated on the growth of P. paneum and A. niger. Fig. 4 represents the G/NG boundaries of AA (CTOT ) 273 
for both moulds at aw 0.96 and pH 5. At 10°C, growth is almost completely inhibited during 8 days. For P. 274 
paneum, the G/NG boundary of AA at 50% probability is 110 mM at 20°C and 140 mM at 30°C. For A. 275 
niger these values are 25 mM and 40 mM respectively (Table 3). A clear effect of  aw (0.94 – 0.96 – 0.98) 276 
on the G/NG boundaries of PLA and AA was not observed (Table 3).  277 
In Fig. 5, the G/NG boundaries for CHA, at fixed aw 0.96 and T = 20°C, over time are shown. P. paneum and 278 
A. niger show equal sensitivity towards PLA. For both moulds, the limits of model prediction range from 279 
10 - 20 to 35 - 50 mmole undissociated PLA/L YES medium. Acetic acid on the other hand, is showing 280 
completely different G/NG profiles for the two moulds. P. paneum is six times more resistant towards AA 281 
compared to A. niger (value for G/NG at probability = 50%  at day 8: 10 mM for A. niger and 65 mM for P. 282 
paneum) (Fig. 5). Suhr & Nielsen (2004) have already reported that Penicillium spp. are very resistant 283 
fungi towards stress induced by preservatives, pH and aw. Therefore, spoilage of wheat bread is in 90% of 284 
the cases caused by species belonging to this genus (Legan & Voysey, 1991). 285 
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In Table 4, the predicted inhibitory concentrations of CHA of PLA and AA expressed in mmole/L aqueous 286 
phase in YES medium are represented. The concentrations of CHA were expressed in mmole 287 
undissociated acidA/L aqueous phase in YES medium. The effect of aw (0.94, 0.96 and 0.98) is negligible. 288 
In order to use aw as a preservation hurdle, the value must be lower than 0.80 - 0.93 for the bread 289 
moulds tested in this study (Debonne et al., 2019; Parra & Magan, 2004). In an actual bread system, aw 290 
has a more pronounced effect on bread. This is because a reduction of aw in bread is often correlated 291 
with a decrease in moisture content (Mathlouthi, 2001).  292 
Based on the shape of the predictive models in Figures 3, 4 and 5, it can be stated that the G/NG 293 
boundaries reach an equilibrium value between 6 and 8 days. This shows that the inhibitory 294 
concentration derived from the G/NG models after days 8 can potentially be used for making G/NG 295 
predictions over longer incubation times. In order to elucidate upon this hypothesis, the predictions of 296 
the minimal inhibitory concentrations of undissociated acid found in vitro after 8 days were validated 297 
with minimal inhibitory concentrations in bread, necessary to prevent mould growth during 45 days. This 298 
comparison is further described. 299 
3.4. Validation of in-vitro antifungal activity in par-baked wheat bread 300 
The goal of this study was to verify whether in-vitro G/NG models could be implemented for the 301 
prediction of bread shelf-life and to clarify to what extent PLA and AA are actually responsible for a shelf-302 
life extension in bread. Therefore, acid enriched wheat breads were produced and subjected to a shelf-303 
life test of 45 days, packaged under modified atmosphere and stored at 20°C (Fig. 6). The concentrations 304 
of the acids added during dough preparation (CTOT, mmole/L aqueous phase in dough) were recalculated 305 
to undissociated acid (CHA, expressed in mmole/L aqueous phase in par-baked bread) (Eq. 1 and 2; Table 306 
5). The advantage of expressing antimicrobial agents on a common basis of synthetic media and food 307 
products, the water basis, has already been highlighted by Dang et al. (2011). It provides a direct 308 
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correlation between the results of the G/NG models and the shelf-life test. Moreover, using CHA instead 309 
of CTOT and pH facilitates this one-to-one comparison. This recalculation to mmole undissociated acid per 310 
L aqueous phase in bread crust involved using data of the moisture content of the crust of the PB breads 311 
and pH of the breads. Moisture content was 34 ± 3% (n = 20) and was not significantly influenced by the 312 
acids. The pH values of the breads ranged from 3.7 to 5.7 (Table 5). Water activity of bread was 0.965 ± 313 
0.005 (n = 26) and was also not significantly impacted by the acid concentrations. A clear bread shelf-life 314 
extension was observed in breads containing 12 – 39 mM CHA PLA. Mould-free shelf-life increased from 9 315 
days to 30 days. Complete growth inhibition (> 45 days) was achieved using ≥ 84 mM CHA PLA, meaning 316 
that the minimal inhibitory concentration of undissociated acid (MICHA) for PLA in PB wheat breads must 317 
be between 39 and 84 mM. This concentration was linked with the results of the G/NG models for YES 318 
medium with aw 0.96 and storage temperature 20°C. The G/NG models showed that the upper limit of 319 
the predicted antifungal concentration of PLA is 50 mM (aw 0.96; T = 20°C)  (Table 4). Also AA extended 320 
bread shelf-life, from 9 days to 32 days using 110 mM CHA (Table 3). The MICHA for AA was higher than for 321 
PLA (110 – 169 mM). Because P. paneum is more resistant towards AA compared to A. niger, the MICHA 322 
of the shelf-life test was compared with the predicted upper limit of the G/NG model of P. paneum at aw 323 
0.96 and T = 20°C, 110 mM (Table 4; Fig. 5). Although the breads were packaged under modified 324 
atmosphere (reduced oxygen) and the 96-well plates were stored under normal air atmosphere, the 325 
results of both trials were very similar. This is due to the fact that the modified atmosphere packaging 326 
was not working optimal due to presence of high residual oxygen levels inside the package. Therefore, 327 
the effect of the absence of oxygen was not observed for the results of bread shelf-life. The breads were 328 
packaged with a Tray Sealer without vacuum step prior to sealing. This resulted in oxygen levels inside 329 
the package of 0 – 2.3% at the beginning of the shelf-life to 4.3 – 6.8% at the end of the shelf-life. The 330 
oxygen was coming from the bread itself, due to the fact that the packaging material has strong barrier 331 
properties. Therefore, we can say that the MAP was not effective which explains the good correlation 332 
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between the G/NG models and the bread shelf-life test. Moreover, the importance of expressing the 333 
antifungal active concentrations of PLA and AA in mmole undissociated acid/L aqueous phase of the 334 
medium (either synthetic medium or bread) was emphasized in order to compare in vitro tests with 335 
model predictions. 336 
Besides the fact that these results demonstrate the potential of G/NG models for screening of antifungal 337 
acids, the question remains whether PLA and AA can truly exert antifungal activity in sourdough bread 338 
when naturally present. In literature, concentrations of undissociated PLA and AA of respectively 0 – 0.02 339 
mmole undissociated acid/kg bread or dough and 0 - 20 mmole undissociated acid/kg bread or dough 340 
have been reported (Gerez et al., 2010; Gerez et al., 2009; Paramithiotis et al., 2006). In our laboratory, 341 
CHA concentrations of up to 157 mmole undissociated acetic acid/L aqueous phase in par-baked bread 342 
and 220 mmole/L in full-baked bread were determined in sourdough bread containing 30% (m/V) 343 
sourdough with Lactobacillus sanfranciscensis and Saccharomyces cerevisiae as dominant microflora 344 
(unpublished results). Antifungal active concentrations of PLA can only be achieved at very low pH values 345 
and high CTOT concentrations. Therefore, it is highly unlikely that naturally present PLA in sourdough 346 
bread is antifungal active. Acetic acid on the other hand, can be much more controlled during sourdough 347 
processing so it has potential to perform antifungal activity in bread (Brandt et al., 2004; Martínez-Anaya 348 
et al., 1994; Röcken et al., 1992).  349 
3.5. Quality parameters of wheat breads 350 
The physico-chemical quality of the breads was assessed, including aw of bread, pH, weight, volume, 351 
specific volume and moisture content of bread crust. There were no significant differences observed for 352 
aw (mean ± standard deviation: 0.965 ± 0.004; n = 26), moisture content (34 ± 3; n = 20) and weight (61 ± 353 
1; n = 50). As to be expected, PLA and AA strongly influenced bread pH (Table 5). With CTOT of 0 – 300 354 
mM, bread pH varied between 5.6 (control) and 4.3 for AA and 5.6 and 3.7 for PLA. The higher 355 
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concentrations of acids which eliminated the growth of moulds were sensorial not acceptable. Due to 356 
these strong pH effects, no sensorial analysis with a tasting panel was performed. The intention of this 357 
study was to verify the antifungal activity of PLA and AA in bread and therefore rather high 358 
concentrations of the acids were applied. Moreover, these high concentrations also strongly impacted 359 
bread volume. Specific volume decreased from 2.3 (control) to 1 at antifungal active concentrations of 360 
PLA and AA. Organic acids are known to reduce the leavening capacity of Saccharomyces cerevisiae in 361 
yeast leavened bread (Salovaara & Valjakka, 1987). 362 
4. Conclusion 363 
G/NG models based on in vitro growth of P. paneum and A. niger in YES medium with PLA or AA for 8 364 
days could be used to predict the shelf-life of acid-enriched par-baked breads of up to 45 days. For PLA, 365 
the minimal inhibitory concentration of undissociated acid in bread was 39 – 84 mmole/L aqueous phase 366 
in PB bread and for AA 110 – 169 mmole/L, whereas G/NG modelling predicted antifungal 367 
concentrations of respectively 50 mmole undissociated PLA/L and 110 mmole undissociated acetic 368 
acid/L. Besides the fact that this study has shown the potential of using predictive G/NG for prediction of 369 
par-baked bread shelf-life, this study also demonstrated that effective antifungal active concentrations 370 
of PLA can only be achieved at extremely low pH values and extremely high CTOT concentrations. Because 371 
of this, it is highly unlikely that naturally present PLA in sourdough bread is antifungal active. In contrast, 372 
AA remains the most important antifungal agent in sourdough breads fermented with lactic acid 373 
bacteria. Additionally, the antifungal activity of propionic acid in sourdoughs fermented with propionic 374 
acid bacteria can be a topic for further research. 375 
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Table 1. Model factors with their parameter estimates and standard deviations and goodness-of-fit statistics of the different growth/no-
growth models of Penicillium paneum and Aspergillus niger in terms of total acid concentrations of phenyllactic acid (PLA) or acetic acid (AA): 
normalized CTOT (x 10 mmol/L YES medium), normalized water activity aw (/10), incubation temperature (°C) and incubation time (days). 
  Penicillium paneum Aspergillus niger 
  PLA AA PLA AA 
Factors Parameters Estimate p-value Estimate p-value Estimate p-value Estimate p-value 
CTOT b1 2.98 ± 0.76 < 0.001 -5.49 ± 0.67 < 0.001 -1.44 ± 0.19 < 0.001 -15.44 ± 2.28 < 0.001 
pH b2 -33.55 ± 5.92 < 0.001 -20.73 ± 1.87 < 0.001 ns  ns  
aw b3 -12.30 ± 3.36 < 0.001 ns  22.92 ± 2.20 < 0.001 4.64 ± 0.99  < 0.001 
T b4 -1.94 ± 0.45 < 0.001 4.29 ± 0.32 < 0.001 4.39 ± 0.66 < 0.001 -0.36 ± 0.04 < 0.001 
time b5 -8.35 ± 1.64 < 0.001 13.78 ± 1.13 < 0.001 23.93 ± 2.26 < 0.001 12.67 ± 1.83 < 0.001 
CTOT² b11 ns  ns  ns  ns  
CTOT * pH b12 0.26 ± 0.03 < 0.001 0.29 ± 0.03 < 0.001 0.55 ± 0.04 < 0.001 -0.27 ± 0.05 < 0.001 
CTOT * aw b13 -0.38 ± 0.08 < 0.001 0.46 ± 0.07 < 0.001 ns  1.74 ± 0.23 < 0.001 
CTOT * T b14 -0.03 ± 0.00 < 0.001 -0.03 ± 0.00 < 0.001 -0.05 ± 0.00 < 0.001 - 0.05 ± 0.00 < 0.001 
CTOT * time b15 -0.05 ± 0.01 < 0.001 ns  -0.07 ± 0.01 < 0.001 ns  
pH * aw b23 2.79 ± 0.60 < 0.001 2.15 ± 0.19 < 0.001 -0.38 ± 0.05 < 0.001 ns  
pH * T b24 0.19 ± 0.02 < 0.001 ns  ns  0.15 ± 0.01 < 0.001 
pH * time b25 0.66 ± 0.06 < 0.001 ns  ns  ns  
aw * T b34 0.14 ± 0.05 < 0.001 -0.42 ± 0.03 < 0.001 -0.44 ± 0.07 < 0.001 ns  
aw * time b35 0.80 ± 0.17 < 0.001 -1.25 ± 0.12 < 0.001 -2.03 ± 0.22 < 0.001 -0.92 ± 0.18 < 0.001 
T * time b45 0.06 ± 0.00 < 0.001 0.02 ± 0.00 < 0.001 0.08 ± 0.01 < 0.001 ns  
time² b55 -0.23 ± 0.01 < 0.001 -0.14 ± 0.01 < 0.001 -0.39 ± 0.02 < 0.001 - 0.32 ± 0.02 < 0.001 
constant b0 135.5 ± 32.8 < 0.001 -11.9 ± 0.8 < 0.001 -231.0 ± 21.2 < 0.001 -61.0 ± 9.7 < 0.001 
Statistics         
Nagelkerke R² 0.860 0.749 0.939 0.792 
c-value (ROC-curve) 0.984 ± 0.001 0.965 ± 0.002 0.996 ± 0.000 0.984 ± 0.002 
% correct predicted 95.1 91.4 97.9 95.0 
ns: not significant 
 
Table 2. Model factors with their parameter estimates and standard deviations and goodness-of-fit statistics of the different growth/no-
growth models of Penicillium paneum and Aspergillus niger in terms of undissociated acid concentrations of phenyllactic acid (PLA) or acetic 
acid (AA): normalized undissociated acid CHA (x 10 mmole/L aqueous phase in YES medium), normalized water activity aw (/10), incubation 
temperature (°C) and incubation time (days). 
  Penicillium paneum Aspergillus niger 
  PLA AA PLA AA 
Factors Parameters Estimate p-value Estimate p-value Estimate p-value Estimate p-value 
CHA b1 ns  -2.67 ± 0.71 < 0.001 ns  -80.15 ± 5.89 < 0.001 
aw b2 3.93 ± 0.28 < 0.001 13.40 ± 1.14 < 0.001 23.06 ± 1.93 < 0.001 14.20 ± 1.85 < 0.001 
T b3 0.28 ± 0.02 < 0.001 5.06 ± 0.35 < 0.001 5.74 ± 0.60 < 0.001 4.65 ± 0.60 < 0.001 
time b4 2.63 ± 0.18 < 0.001 15.40 ± 1.23 < 0.001 27.97 ± 2.03 < 0.001 20.16 ± 2.13 < 0.001 
CHA² b11 0.03 ± 0.00 < 0.001 ns  -0.14 ± 0.04 < 0.001 0.03 ± 0.00 < 0.001 
CHA * aw b12 0.03 ± 0.01 < 0.001 0.30 ± 0.07 < 0.001 ns  8.09 ± 0.60 < 0.001 
CHA * T b13 -0.10 ± 0.01 < 0.001 -0.03 ± 0.00 < 0.001 -0.12 ± 0.01 < 0.001 -0.03 ± 0.01 < 0.001 
CHA * time b14 ns  ns  0.19 ± 0.02 < 0.001 0.06 ± 0.02 < 0.001 
aw * T b23 ns  -0.50 ± 0.04 < 0.001 -0.53 ± 0.06 < 0.001 -0.45 ± 0.06 < 0.001 
aw * time b24 ns  -1.43 ± 0.13 < 0.001 -2.34 ± 0.20 < 0.001 -1.76 ± 0.22 < 0.001 
T * time b34 0.03 ± 0.00 < 0.001 0.02 ± 0.00 < 0.001 0.03 ± 0.01 < 0.001 ns  
time² b44 -0.24 ± 0.01 < 0.001 -0.14 ± 0.01 < 0.001 -0.48 ± 0.02 < 0.001 -0.27 ± 0.02 < 0.001 
constant b0 -50.6 ± 2.9 < 0.001 -138.7 ± 11.0 < 0.001 -248.1 ± 19.0 < 0.001 -149.9 ± 18.0 < 0.001 
Statistics         
Nagelkerke R² 0.835 0.749 0.926 0.792 
c-value (ROC-curve) 0.984 ± 0.001 0.965 ± 0.002 0.996 ± 0.000 0.984 ± 0.002 
% correct predicted 94.3 91.2 97.3 95.8 
ns: not significant 
 
Table 3. Predictions of inhibitory concentrations of total acid (CTOT) of phenyllactic acid (PLA) and acetic 
acid in YES medium (mmole/L YES medium) with adjusted aw (0.94, 0.96 or 0.98), pH (4, 5 or 6) and 
incubated at different temperatures (10, 20 or 30 °C), derived manually from the growth/no-growth 
models, expressed in function of the limits of prediction (p = 0.9 (p = 0.5) and 0.1)). 
   Penicillium paneum Aspergillus niger 
T (°C) aw pH PLA AA PLA AA 
10 0.94 4 0 (0) 0 0 (0) 50 0 (0) 0 0 (0) 0 
  5 0 (0) 0 0 (0) 0 0 (0) 0 0 (0) 10 
  6 0 (0) 0 0 (0) 0 0 (0) 0 0 (0) 20 
 0.96 4 0 (0) 0 0 (0) 0 0 (0) 0 0 (0) 0 
  5 0 (0) 0 0 (0) 100 0 (0) 0 0 (0) 15 
  6 0 (0) 0 0 (0) 0 0 (0) 0 0 (0) 25 
 0.98 4 0 (0) 100 0 (0) 0 0 (0) 0 0 (0) 0 
  5 0 (40) 140 0 (0) 0 0 (0) 0 0 (0) 35 
  6 0 (25) 110 0 (0) 0 0 (0) 0 0 (0) 45 
20 0.94 4 25 (75) 130 35 (75) 115 100 (125) 150 0 (0) 15 
  5 75 (125) 170 65 (140) 215 > 300 5 (15) 30 
  6 90 (130) 170 15 (65) 120 > 300 20 (35) 50 
 0.96 4 50 (80) 130 10 (45) 80 100 (120) 150 0 (0) 20 
  5 110 (140) 180 40 (110) 165 > 300 0 (25) 50 
  6 125 (165) 190 0 (60) 120 > 300 25 (45) 60 
 0.98 4 60 (100) 135 0 (15) 65 100 (120) 150 0 (0) 40 
  5 125 (160) 180 0 (90) 180 > 300 5 (35) 70 
  6 125 (160) 185 0 (50) 145 > 300 35 (55) 80 
30 0.94 4 80 (110) 140 80 (110) 135 155 (170) 180 0 (15) 25 
  5 175 (210) 250 115 (160) 200 260 (280) > 300 20 (30) 50 
  6 170 (195) 220 75 (110) 140 > 300 40 (50) 65 
 0.96 4 100 (120) 145 55 (80) 115 150 (160) 170 0 (15) 30 
  5 180 (220) 260 90 (140) 180 250 (270) > 300 25 (40) 55 
  6 190 (210) 230 240 (> 300) > 300 50 (60) 70 
 0.98 4 110 (130) 150 25 (55) 80 140 (150) 165 0 (20) 50 
  5 210 (230) 265 55 (110) 165 235 (265) 280 35 (50) 70 
  6 200 (220) 240 265 (> 300) > 300 55 (75) 90 
 
 
Table 4. Predictions of inhibitory concentrations of undissociated acid of phenyllactic acid (PLA) and 
acetic acid in YES medium (CHA , mmole/L aqueous phase in YES medium) with adjusted aw (0.94, 0.96 
or 0.98) and incubated at different temperatures (10, 20 or 30 °C), derived manually from the 
growth/no-growth models, expressed in function of the limits of prediction (p = 0.9 (p = 0.5) and 0.1)). 
 PLA (mM) AA (mM) 
 10 °C 20 °C 30 °C 10 °C 20 °C 30 °C 
 Penicillium paneum 
aw = 0.94 0 (0) 5 5 (15) 30 20 (25) 40 0 (0) 0 45 (85) 125 80 (110) 140 
aw = 0.96 0 (0) 15 10 (20) 35 20 (30) 40 0 (0) 0 13 (65) 110 65 (80) 110 
aw = 0.98 0 (0) 30 20 (35) 40 25 (35) 40 0 (0) 0 0 (40) 90 25 (60) 90 
 Aspergillus niger 
aw = 0.94 0 (0) 0 25 (40) 50 50 (55) 60 0 (0) 5 5 (10) 15 15 (20) 25 
aw = 0.96 0 (0) 0 25 (35) 50 40 (50) 55 0 (0) 5 5 (10) 20 15 (20) 30 
aw = 0.98 0 (0) 15 20 (35) 45 35 (45) 55 0 (0) 20 0 (15) 35 15 (30) 50 
 
Table 5. Bread properties of chemically enriched par-baked wheat breads with phenyllactic acid (PLA) 
or acetic acid (AA) (0 - 200 mmole/L water in bread dough (CTOT)); CHA: concentration of undissociated 
acid in bread (mmole/L aqueous phase in bread); aw (n = 2); pH (n = 3); weight (g) (n = 5); volume (mL) 
(n = 5); specific volume (mL/g) (n = 5) and mould free shelf-life (days) (n = 8) (mean value ± standard 
deviation). 
  CHA pH weight volume SV shelf-life 
Blanco  0 5.6 ± 0.1
a 
61 ± 1
a 
139 ± 8
a 
2.3 ± 0.1
a 
9 ± 1
a 
CaP*  0 5.7 ± 0.0
a 
61 ± 1
a 
115 ± 3
a 
1.9 ± 0.1
a 
18 ± 2
b 
PLA 50 2 4.9 ± 0.0
ab 
62 ± 1
a 
126 ± 4
a 
2.0 ± 0.1
a 
9 ± 1
a 
 100 12 4.4 ± 0.1
bc 
60 ± 0
a 
91 ± 2
b 
1.5 ± 0.0
ab 
10 ± 0
a 
 150 39 4.0 ± 0.0
bc 
62 ± 1
a 
54 ± 1
c 
0.9 ± 0.0
b 
30 ± 3
bc 
 200 84 3.7 ± 0.1
c 
63 ± 1
a 
48 ± 1
c 
0.8 ± 0.0
b 
> 45
c 
AA 50 17 5.1 ± 0.0
abc 
62 ± 1
a 
123 ± 2
a 
2.0 ± 0.0
a 
9 ± 0
a 
 100 55 4.8 ± 0.0
bc 
62 ± 1
a 
88 ± 1
b 
1.4 ± 0.0
ab 
11 ± 1
a 
 150 110 4.5 ± 0.0
bc 
62 ± 0
a 
71 ± 2
b 
1.1 ± 0.0
b 
32 ± 11
bc 
 200 169 4.3 ± 0.0
bc 
62 ± 0
a 
59 ± 1
c 
1.0 ± 0.0
b 
> 45
c 
a-c
 Values in the same column followed by different letters differ significantly (p < 0.05). 
* 1500 mg propionic acid/kg dough was added under the form of calcium propionate (CaP) 
 
  
Figure 6. Mould free shelf-life (bars) and pH (whiskers) of par-baked wheat breads enriched with 
phenyllactic acid (PLA) or acetic acid (AA), packaged under modified atmosphere and stored at 20°C (n 
= 8; mean ± standard deviation). The concentrations shown are calculated as undissociated acid 
(mmole/L aqueous phase in PB bread) (CaP: 1500 mg propionic acid/kg dough was added under the 
form of calcium propionate (CaP)). 
 
  
Figure 1. (A) Acidification effect of phenyllactic acid on YES medium with aw 0.98 and original pH of 4.6 
(black), 5.3 (white) or 5.9 (grey), in terms of CTOT (mmole/L YES medium). Not all tested concentrations 
are represented in this figure (e.g. CTOT 12.5, 25, 50, etc.). Data are presented with box-and-whiskers 
plots; (B) range of calculated CHA values (mmole/ L aqueous phase in YES medium) of the different 
media with original pH of 4.6 (black), 5.3 (white) or 5.9 (grey)(n = 12). 
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Figure 2. (A) Acidification effect of acetic acid on YES medium with aw 0.98 and original pH of 4.6 
(black), 5.3 (white) or 5.9 (grey), in terms of CTOT (mmole/L YES medium). Not all tested concentrations 
are represented in this figure (e.g. CTOT 12.5, 25, 50, etc.). Data are presented with box-and-whiskers 
plots; (B) range of calculated CHA values (mmole/ L aqueous phase in YES medium) of the different 
media with original pH of 4.6 (black), 5.3 (white) or 5.9 (grey) (n = 12). 
 
A 
B 
  
 
 
Figure 3. Effect of pH on growth/no-growth curves of total concentration (CTOT) of phenyllactic acid (PLA) and acetic acid (AA) for Penicillium 
paneum (PP) expressed in mmole total acid/L YES medium at fixed aw of 0.96 and T = 20 °C; (A) PLA – pH 4; (B) PLA – pH 5; (C) PLA – pH 6; (D) 
AA – pH 4; (E) AA – pH 5 and (F) AA – pH 6. Lines represent the ordinary logistic regression model predictions: p = 0.9 (solid line), p = 0.5 
(dashed line), and p = 0.1 (dotted line). Solid symbols indicate fungal growth; open symbols indicate no growth. 
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Figure 4. Effect of temperature on growth/no-growth curves  of total concentration (CTOT) of acetic acid (AA) for Penicillium paneum (PP) and 
Aspergillus niger (AN) expressed in mmole total acid/L YES medium at fixed aw of 0.96 and pH = 5; (A) PP –10°C; (B) PP – 20°C; (C) PP – 30°C; (D) 
AN – 10°C; (E) AN – 20°C and (F) AN – 30°C. Lines represent the ordinary logistic regression model predictions: p = 0.9 (solid line), p = 0.5 
(dashed line), and p = 0.1 (dotted line). Solid symbols indicate fungal growth; open symbols indicate no growth. 
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Figure 5. Growth/no-growth of undissociated concentration (CHA ) of phenyllactic acid (PLA) and acetic 
acid (AA) for Penicillium paneum (PP) and Aspergillus niger (AN) expressed in mmole total acid/L 
aqueous phase of YES medium at fixed aw of 0.96 and T = 20 °C; (A) PP – PLA; (B) PP – AA; (C) AN – PLA 
and (D) AN - AA. Lines represent the ordinary logistic regression model predictions: p = 0.9 (solid line), 
p = 0.5 (dashed line), and p = 0.1 (dotted line). Solid symbols indicate fungal growth; open symbols 
indicate no growth. 
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Highlights: 
 
• Growth/no-growth models (G/NG) were produced based on data of micro-dilution assays. 
• G/NG models of acetic acid and phenyllactic acid were developed for P. paneum and A. niger. 
• Acid concentrations must be expressed in mmole undissociated acid per L aqueous phase (CHA). 
• G/NG boundaries at simulated bread conditions were determined as 50 mM for phenyllactic acid 
and 110 mM for acetic acid. 
• A CHA of 110 – 169 mM of acetic acid in par-baked bread prevents mould growth during 45 days. 
• Phenyllactic acid in sourdough bread does not perform antifungal activity. 
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